Lung cancer is the leading cause of cancer related death. Macroscopic imaging techniques such as computed tomography are highly sensitivity at detecting small, ≤ 2cm, peripheral pulmonary lesions (PPLs) in the lung but lack the specificity necessary for diagnosis. Bronchoscopy is a procedure routinely performed to diagnose PPLs but is hindered with a low diagnostic yield due to challenging lesion localization. We have developed a flexible transbronchial optical frequency domain imaging (TB-OFDI) catheter that functions as a 'smart needle' to confirm the needle placement within the target lesion prior to biopsy. The TB-OFDI smart needle consists of a flexible and removable OFDI catheter that operates within a 21-gauge transbronchial needle aspiration (TBNA) needle. The OFDI catheter can be easily removed from the needle to facilitate subsequent aspiration or biopsy acquisition. The OFDI imaging core consists of an angled-polished ball lens with a spot size of 25 µm at a working distance of 160 µm from the catheter sheath. The ball-lens was designed to have an ellipsoid shape in order to compensate for the astigmatism caused by encasing the optics within a protective sheath. Transbronchial imaging of inflated excised swine lung parenchyma with the TB-OFDI smart needle yielded clear images of alveoli. In-vivo transbronchial imaging was also performed on three swine with artificial lesions injected transthoracially. Our results suggest that the TB-OFDI smart needle may be a useful tool for guiding biopsy acquisition to increase the diagnostic yield of PPLs.
INTRODUCTION
Lung cancer is the leading cause of cancer related death [1] [2] [3] . Macroscopic imaging techniques such as computed tomography (CT) are highly sensitive at detecting small, ≤ 2cm, peripheral pulmonary lesions (PPLs) in the lung but they lack the specificity necessary for diagnosis. Diagnosis of malignancy can be performed with low-risk approaches such as bronchoscopy. Endobronchial ultrasound (EBUS) guided and unguided TBNA can be associated with unacceptably low diagnostic yields for small lesions and therefore higher-risk procedures are often preferentially performed 4 . We anticipate that a smart TBNA needle that provides confirmation of the needle placement within the lesion of interest prior to biopsy will result in an increase in the diagnostic yield and may reduce the use of surgery for benign lesions.
Optical frequency domain imaging (OFDI) is a high-speed second-generation optical coherence tomography (OCT) imaging modality that can be used to generate real-time cross-sectional images of tissue microstructure to depths approaching 3 mm 5, 6 . Encouraging results from studies have shown that OCT may be a useful tool for differentiating preinvasive cancers of the bronchial mucosa [7] [8] [9] , and may provide a useful method for assessing distal airway wall remodeling 10 . For minimally invasive interstitial imaging of tissues and organs, small diameter rigid OCT needle probes have been developed [11] [12] [13] [14] [15] [16] . These needle probes typically consist of a ball-lens 12 or a fiber gradient-index (GRIN) lens [14] [15] [16] , that are housed within the stainless steel hypodermic needles. These rigid smart needles however lack the ability to obtain tissue specimens for diagnosis through the same imaging needle and the compatibility with standard bronchoscopy procedures. Furthermore, due to the direct contact of the mechanically scanning needle with the tissue, unintentional tissue damage or tissue drag may occur distorting the images acquired. Recent work by Wei-Cheng Kuo et al. demonstrated an OCTguided core-needle biopsy system incorporating a vacuum-assisted rigid breast needle biopsy console, which was modified to accommodate the OCT imaging probe 17 . This work highlights the potential of OCT image guidance for biopsy site selection, however at present is limited to rigid needle design and therefore is not compatible with transbronchial procedures.
In this manuscript, we present a narrow diameter (0.43 mm) flexible helical scanning OFDI imaging catheter that is compatible with standard 21-guage bronchoscopy TBNA needles (Olympus NA-2001SX). The helically scanning optical fiber imaging core is housed within a stationary 430 µm outer-diameter polyimide catheter sheath, and the entire flexible catheter operates within the TBNA needle to form the complete TB-OFDI smart needle. During imaging, only the optical fiber imaging core rotates while the catheter sheath remains stationary, thus reducing the risk of tissue damage. Transbronchial imaging of air-inflated excised swine lung parenchyma with the TB-OFDI smart needle showed clear images of alveoli. In-vivo transbronchial imaging was also performed on three swine with artificial lesions injected transthoracially. The TB-OFDI smart needle is designed to enable both OFDI imaging and subsequent specimen collection for diagnosis without removing or repositioning the TBNA needle. The side-polished ball-lens optics is clearly visible from figure 1(a). The focal length of the ball-lens was designed be ~ 400 µm to ensure positioning of the focal plane outside of the catheter sheath and in the surrounding tissue. The balllens was fabricated directly on the end of a 500 µm long coreless fiber, via tungsten filament splicer (Vytran FFS-2000), whereas the other end was spliced to a single mode fiber (SMF28). The curvature of the ball-lens, which affects the focal point and beam spot size, was controlled by the length of the melted coreless fiber. The designed sagittal and tangential radii of the ball-lens were 75 µm and 100 µm respectively. The ball-lens was polished at an angle of 36° for two purposes, namely (1) to obtain total internal reflection of the incident beam necessary for the side-viewing catheter design and (2) to reduce specular reflection coming arises from the catheter sheath and tissue interfaces.
MATERIALS AND METHODS

Flexible OFDI imaging catheter
The optical fiber is then housed in a 1.2 m long hollow nitinol driveshaft to provide protection to the imaging optics and to transmit the mechanical torque for helical scanning. The entire optical core was then inserted into a polymide catheter sheath which comprised two segments. Over the majority of its length, the sheath material was polyimide with a polytetrafluoroethylene (PTFE) liner (393.7 µm outer diameter and 320 µm inner diameter) to minimize friction; the distal 7 cm portion of the sheath was polyimide alone (430 µm outer diameter and 380 µm inner diameter) to optimize optical quality within the imaging segment. The proximal end of the imaging catheter was fitted with a custom rapid connect device to interface with the optical rotary junction and pullback tray of our existing clinical OFDI systems for volumetric imaging 18 .
The downside of using the polymide catheter, however, is the induced astigmatism by the encasing cylindrical shaped sheath. In an OCT needle developed by Wu et al., the authors reduced the astigmatism of their 25-guage probe by filling the inner portion of the needle with index matching fluid and by polishing the outer cylindrical glass surface flat 15 . This solution although nicely eliminated the astigmatism of the OCT beam at the focal position in the authors' rigid needle probe design, it is however not feasible in our flexible catheter design due to the presence of the protective sheath. Rather than filling the inner portion of the sheath with index matching fluid to correct for the sheath-induced astigmatism, we designed our ball-lens to have an ellipsoid shape to compensate for the astigmatism. This design has an additional advantage in that the catheter sheath can be easily replaced between patients thus saving time and cost.
Modification of TBNA needle
The OFDI catheter was designed to attach, via a luer lock fitting, to the proximal end of the TBNA needle (Olympus NA-201SX-4021) for imaging, see figure 1(b). The catheter can be easily removed to facilitate tissue sampling. The TBNA needle used in this study was primarily designed for central lesions and was therefore not long enough to extend to the very peripheral regions of the lung. To extend the reachability, we removed a section of the handle that interfaces with the bronchoscope to allow the needle to extend 10 cm beyond the working channel of a standard diagnostic bronchoscope. Removal of this piece did not compromise the functionality of the TBNA needle.
OFDI system
The technological approach to OFDI has been described in detail previously 19 . Briefly, the system used in this study consisted of a 40 kHz wavelength swept source centered at 1320nm with a FWHM sweep range of 143 nm 18 . The axial resolution in OFDI is determined by the range over which the wavelength is scanned 19 , and in the current system resulted in an axial resolution of approximately 6 µm in air (theoretical axial resolution is 5 µm). Data was acquired and continuously stored in a RAID high-speed data storage device at a rate of 85 MS/sec corresponding to a frame rate 9.8 frames/sec (frame size: 2048 x 4096). To facilitate volumetric imaging, the TB-OFDI catheter was connected to an optical rotary junction and pullback device in the sample arm.
Artificial peripheral pulmonary lesions
To further investigate the performance of the probe, we performed in-vivo transbronchial imaging on three swine with artificial lesions injected transthoracially. A mixture of agar, barium and 100 µm diameter silver-coated microspheres was used to simulate the PPLs. 2g of agar, 1g of barium and 2g of 100 μm diameter silver-coated microspheres were mixed in 100 ml of saline heated to approximately 60-70°C. The mixture was then stirred continuously while maintaining the temperature at 60-70°C to prevent the microspheres from settling. After 30 minutes of stirring, the mixture was allowed to cool to approximately 40°C prior to injection of the mixture to prevent thermal damage to the lung. Further cooling of the agar below 40°C following injection into the lung caused the agar mixture to solidify and form the aPPL. When injecting agar mixture into the lung, solid lumps of agar will be created as the agar mixture solidifies below 40°C.
RESULTS
Optical properties
To measure the effectiveness of astigmatism compensation, we used a CCD beam profiler (WinCamD, DataRay Inc.) to measure the beam profile of output beam of the imaging core and catheter. The catheter was mounted at an angle to ensure that the optical beam emitted from catheter was incident normal to the CCD chip. 
Imaging of ex-vivo lung
To demonstrate the imaging capability of the TB-OFDI imaging probe we imaged a freshly excised swine lung that was inflated to physiological level. The lung was air-filled to closely match the actual clinical scenario. Imaging of the parenchyma was successfully performed at a number of locations chosen throughout the tracheobronchial tree including the very peripheral regions of the lung. Figure 3 shows, in logarithmic gray scale, a longitudinal reslice of the volumetric OFDI data. The result demonstrates that the TB-OFDI imaging catheter can clearly resolve alveoli (arrows) within the lung parenchyma. 
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In-vivo transbronchial imaging of swine
All procedures were carried out with Institutional Review Board approval and the animal was treated according to the Massachusetts General Hospital Subcommittee on Research Animal Care (SRAC) regulations. The swine were placed under general anesthesia with endotracheal intubation and mechanical ventilation (isofluorane MAC 1.5-3%, Tidal volume 300cc, respiratory rate 6 breaths/min) with oximetry and blood pressure monitored continuously throughout the procedure. With a 10mL syringe and 20 gauge, 3.5" spinal needle, the agar mixture was injected transthoracically into the swine's right lung in five different locations with a volume between 1 and 6 ml. To reduce the potential for a large pneumothorax, the agar mixture was injected into the lung parenchyma as the needle was withdrawn which then formed a pleural seal. In the event of a pneumothorax, a tube thoracostomy was performed to relieve the pneumothorax and reinflate the lung prior to bronchoscopy. The swine thorax was then imaged with computed tomography (CT) to highlight the PPL locations and to perform virtual bronchoscopic planning. Based on the CT findings, the modified endobronchial ultrasound (EBUS) imaging catheter (Boston Scientific, Altantis SR Pro 40MHz) with the guide sheath was negotiated into the bronchus of interest as close to the lesion as possible. The probe was advanced and redirected until an EBUS image of the nodule was found, the EBUS probe was then removed from the working channel, leaving the guide-sheath in place. The TBNA imaging needle was then inserted into the working channel through the guidesheath to the estimated site of the lesion. Once positioned within the target site the TBNA needle stylet was removed, the OFDI probe was inserted, and imaging of the tissue surrounding the site of the needle was performed. All bronchoscopy and imaging procedures were performed by an experienced interventional pulmonologist (A.C.). Figure 4(a) shows the ultrasound image of the artificial lesion (PPL1). From the image, high intensity points of microspheres can be clearly highlighted which enable us to differentiate the lesion from the lung tissue. Figure 4(b) shows the OFDI tomogram of the same artificial lesion PPL1. The presence of the microspheres in the tomogram strongly suggested that the needle was being inserted successfully into the lesion. Once the artificial lesion had been located, the OFDI imaging probe was removed and aspiration of the lesion was performed with the TBNA needle. Figure 4 (c) shows the microspheres in the cytology image indicating the success of probe placement and aspirating the lesion.
CONCLUSION
We have developed a flexible, narrow diameter TB-OFDI catheter that is capable of acquiring high-resolution OFDI images of the peripheral lung. We have successfully demonstrated the feasibility and usability of the TB-OFDI imaging catheter on freshly excised inflated swine lungs and in living swine. The transbronchial imaging procedure was carried out according to standard clinical bronchoscopy TBNA procedures.
We believe that the TB-OFDI imaging catheter presented in this manuscript has tremendous potential as a complementary tool to act as a smart needle by confirming the placement of the TBNA needle within a peripheral lung microspheres microspheres pulmonary lesion prior to biopsy. We anticipate that the clinical translation of this technology will result in an increase in the diagnostic yield of TBNA of peripheral lesions and may in the future be used to provide real-time optical diagnosis of the lesion. While the TB-OFDI catheter was designed primarily for pulmonary use, the basic design may additionally be useful for other organ systems where FNA or core biopsy procedures are routinely performed.
